Human embryonic stem (hES) cells are considered to be a potential source for the therapy of human diseases, drug screening, and the study of developmental biology. In the present study, we successfully derived hES cell lines from blastocysts developed from frozen and fresh embryos. Seventeen-to eighteen-year-old frozen embryos were thawed, cultured to the blastocyst stage, and induced to form hES cells using human foreskin fibroblasts. The Chula2.hES cell line and the Chula4.hES and Chula5.hES cell lines were derived from blastocysts developed from frozen and fresh embryos, respectively. The cell lines expressed pluripotent markers, including alkaline phosphatase (AP), Oct3/4, stage-specific embryonic antigen (SSEA)-4, and tumor recognition antigen (TRA)-1-60 and TRA-1-81 as detected with immunocytochemistry. The real-time polymerase chain reaction (RT-PCR) results showed that the cell lines expressed pluripotent genes, including OCT3/4, SOX2, NANOG, UTF, LIN28, REX1, NODAL, and E-Cadherin. In addition, the telomerase activities of the cell lines were higher than in the fibroblast cells. Moreover, the cell lines differentiated into all three germ layers both in vitro and in vivo. The cell lines had distinct identities, as revealed with DNA fingerprinting, and maintained their normal karyotype after a long-term culture. This study is the first to report the successful derivation of hES cell lines in Thailand and that frozen embryos maintained their pluripotency similar to fresh embryos, as shown by the success of hES cell derivation, even after years of cryopreservation. Therefore, embryos from prolonged cryopreservation could be an alternative source for embryonic stem cell research.
Introduction

I
n human-assisted reproductive technology, the technique of cryopreservation, which involves storing an oocyte, sperm or embryo at sub-zero temperatures, is well established, effective and applied in most infertility centers around the world. 1 Researchers were initially concerned with the effects of cryopreservation or cryostorage on the survival, development and molecular biology of the frozen embryo after thawing. [2] [3] [4] However, recent reports have demonstrated that cryostorage does not adversely affect post-thaw survival or pregnancy outcome during in vitro fertilization (IVF) or oocyte donation in patients. Moreover, a healthy boy was born from 20-year-old cryopreserved pronuclear (PN) embryos. 5, 6 Embryos that display poor morphology after freeze-thawing are discarded or donated for research purposes, including human embryonic stem (hES) cell derivation. The hES cells that are derived from the pluripotent cells of a preimplantation stage embryo display unique characteristics, such as self-renewal and differentiation into all adult cell types. Thus, hES cells are not only considered to be potential sources for drug screening tests and regenerative medicine therapies, they might also serve as a model for the study of early human embryonic development. 7 To date, more than 1000 hES cell lines have been derived in laboratories worldwide, and rapid advances in the knowledge and technologies associated with the culture conditions of hES cells have made it possible to derive new hES cell lines under clinical or near clinical conditions for further use. 8 Although the embryos may display poor morphology, they remain a major source of starting material for the isolation of hES cells, and several methods have been applied to improve the success of hES cell derivation. Culturing poor-quality embryos in a modified culture medium increased blastocyst formation, 9 and using mesenchymal stem cells as feeder cells also facilitated the derivation of hES cells from poor-quality embryos. 10 However, a recent publication demonstrated that there was no correlation between the morphology of cells at the blastocyst stage and the success of hES cell derivation. 11 Thus, the success of hES cell derivation can be expected even with poor-quality frozen-thawed embryos. As previously discussed, the duration of cryopreservation does not affect pregnancy outcome; thus, it would be interesting to determine whether long-term cryopreserved embryos could generate hES cell lines similar to fresh embryos.
In the present study, we aimed to derive hES cells from embryos that were previously frozen for 17-18 years under culture conditions that minimize contact with animal products. Moreover, an examination of the poor quality of fresh embryos that were not suitable for transfer was also included in this study.
Materials and Methods
Human embryos and ethical approval
The human embryos used in the present study were donated with informed consent from a couple that participated in the IVF program for infertility treatment. The isolation of hES cells was performed after obtaining the approval of the Institutional Review Board (IRB number 096/50), Faculty of Medicine, the Chulalongkorn University. The procedure was performed according to the National Guidelines for Stem Cell Research issued by the Thai Medical Council and the Ministry of Public Health.
Embryo culture
Frozen embryos at the PN stage were thawed, transferred to droplets of the global medium (LifeGlobal) supplemented with 10% serum substitute (Irvine Scientific), covered with light oil (LifeGlobal), and cultured at 37°C in 5% O 2 , 6% CO 2 , and 89% NO 2 . The poor-quality donated fresh embryos were cultured under the same culture conditions. After 3-4 days of culture, only the embryos that developed to the blastocyst stage were collected and transferred to the hES cell laboratory for hES cell isolation.
Preparation of the feeder layer
Commercial human foreskin-derived fibroblasts (HFF; CRL-2429, ATCC) were used. HFFs were cultured and maintained according to the manufacturer's protocol. To use HFFs as feeder cells, the confluent fibroblasts were mitotically inactivated with 10 lg/mL mitomycin C (Sigma) for 2.5-3 h, dissociated with 0.05% trypsin-ethylenediaminetetraacetic acid (Invitrogen), counted, and plated on a 0.1% gelatin-coated dish (BD Bioscience).
Isolation of the inner cell mass and the propagation of hES cells
The zona pellucida of the blastocyst was removed through a brief incubation with 0.1% acidified Tyrode's solution with close monitoring under a stereomicroscope. Zona-free blastocysts were directly plated onto the feeder cells. For propagation, the hES cells were mechanically dissociated into small pieces every 5-7 days using a 23G needle, detached from the culture dish, and plated onto new feeder cells; the culture medium was changed daily. The hES cell medium was the knockout Dulbecco's modified Eagle's medium supplemented with 20% knockout serum replacement, 1% Glutamax Ò , 1% nonessential amino acids, 0.1 mM 2-mercaptoethanol, 1% penicillinstreptomycin (all purchased from Invitrogen), and 8 ng/mL fibroblast growth factor (bFGF; R&D Systems).
Alkaline phosphatase staining and immunostaining
The hES cell colonies were fixed using 4% paraformaldehyde. The alkaline phosphatase (AP) activity was detected using an AP detection kit (Sigma), according to the manufacturer's protocol. The primary antibodies used were mouse antibodies against stage-specific embryonic antigen (SSEA)-4, tumor recognition antigen (TRA)-1-60 and TRA-1-81, and rabbit anti-Oct3/4 (all purchased from Abcam). For the detection of the antibodies, fluorescein isothiocyanateconjugated goat anti-rabbit or Cy3-conjugated goat antimouse antibodies were used.
Real-time polymerase chain reaction
Total RNA was extracted using TRI REAGENT Ò (Molecular Research Center, Inc.). A total of 1 lg of total RNA was reverse transcribed using the RevertAid H Minus First Strand cDNA Synthesis Kit (Fermentas, Thermo Fisher Scientific, Inc.), according to the manufacturer's instructions. Polymerase chain reaction (PCR) was performed with PCR master mix (2 · ) (Fermentas, Thermo Fisher Scientific, Inc.). The PCR conditions and primers were described previously. 12 
Differentiation of hES cells
To determine their in vitro differentiation ability, hES cells were mechanically dissociated into small clumps and cultured in suspension in the hES cell culture medium without bFGF. Three-dimensional structures called embryoid bodies (EBs) were observed for up to 21 days. To determine their in vivo differentiation ability, a teratoma formation assay was performed. Approximately 1 · 10 6 hES cells were injected under the testicular capsule of 4-to 6-week-old nude mice. After 10-12 weeks, the mice were euthanized, and the teratomas were removed, fixed with 10% buffered formalin phosphate (Sigma), and embedded in paraffin blocks. Next, 4 lm sections were stained with hematoxylin and eosin. The care of the animals was conducted in accordance with the institutional guidelines of the Ethics Committee for Animal Laboratory Use (Approval No. 15/52).
Telomerase analysis
The telomerase activity of the hES cell lines was measured using a TRAPeze Telomerase Detection Kit (Chemicon), according to the manufacturer's instructions.
Karyotype analysis
The hES cells were incubated with 10 ng/mL of colcemid (Karyomax, Invitrogen) for 3-4 h at 37°C and 5% CO 2 . Subsequently, the cells were trypsinized, treated with KCl solution (Bio Industries), and fixed with fixative (3:1 methanol:acetic
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acid). The metaphases were spread onto microscope slides and stained using a standard G-banding technique. The chromosomes were classified according to the International System for Human Cytogenetic Nomenclature. At least 15-20 metaphases were analyzed per cell line.
DNA fingerprinting
Total genomic DNA was extracted from the undifferentiated hES cells using a DNeasy Tissue Kit (Qiagen), according to the manufacturer's instructions. Fifteen short tandem repeat (STR) loci and amelogenin were amplified using an AmpFlSTR Ò Identifiler Ò PCR Amplification Kit (Applied Biosystems), according to the manufacturer's instructions and detected using a 3100 Genetic Analyzer (Applied Biosystems).
Results
Development of embryos after long-term cryopreservation
Upon approval from the ethics committee, a total of 23 embryos were thawed and cultured according to the standard protocol of the IVF Unit, King Chulalongkorn Memorial Hospital. A total of 17 of the 23 (73.9%) embryos survived after thawing: 12 (70.6%) of the surviving embryos arrested at the initial stage of development, and five (29.4%) embryos developed to the blastocyst stage after 4 days of culture. Of the five blastocysts, we only obtained one expanded blastocyst with a tightly packed inner cell mass (ICM ; Fig. 1A) ; the other blastocysts were not fully expanded, showing thick or broken zonae pellucidae and small ICMs (Fig. 1B-D) .
Isolation of ICMs and hES cell culture
Although their quality was not high, five blastocysts from frozen-thawed embryos and eight fresh blastocysts were used for hES cell derivation. Due to the difficulty of the localization of the ICM within blastocysts ( Fig. 2A) , the mechanical separation of the ICM from the trophectoderm (TE) was not achieved. Thus, the zona pellucida was isolated, and the blastocysts were directly plated onto inactivated HFFs that were used as the feeders. At 24 h after the initial plating, the cultures were examined for the attachment of the blastocysts to the feeder layer. Three to four days after coculture with feeder cells, a prominent ICM surrounded by TE cells was observed (Fig. 2B ). This ICM was separated from the TE using a 23G needle and plated on a layer of fresh feeder cells. Within 24 h, the ICM was attached to the new feeder cells. Seven days after the second plating of the ICM, hES-like cells began growing from the ICM clump (Fig. 2C) . The newly formed hES-like cells were dissociated using a needle and plated onto fresh feeder cells. Mechanical passaging was applied to propagate the hES cells. The established hES cell line (Fig. 2D ) exhibited a vigorous growth rate during a long-term culture and was routinely passaged every 5-7 days. The efficiency of the derivation of the hES cell lines from blastocysts developed from frozen-thawed and fresh embryos is summarized in Table 1 .
Morphology of hES cells on different densities of feeder cells
The cell line derived from the 18-year-old cryopreserved embryo, Chula2.hES, displayed the typical features of hES cells, including flat colonies, a high nuclear/cytoplasmic ratio with clearly distinguished nucleoli, and a defined border of colonies. At the early stage of Chula2.hES derivation (passage numbers 3-8), three different densities of feeder cells were tested. As shown in Figure 2E 
Characterization of hES cells
All of the hES cell lines exhibited the AP activity and expressed hES cell markers, including SSEA4, TRA-1-60, FIG. 1 . Morphology of the blastocysts developed from long-term cryopreserved embryos. Six days after thawing and culture, the surviving embryos developed to the blastocyst stage. Different morphologies of the blastocysts, including fully expanded blastocysts with a clear and tightly packed ICM (white arrow; A), non-fully expanded blastocysts with thick zonae pellucidae and small ICMs (B-D), and broken zona pellucida during the freezing-thawing process, were observed (black arrow; D). All of the images were obtained using a 40 · objective phase-contrast microscope. ICM, inner cell mass.
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TRA-1-81, and Oct3/4 (Fig. 3A) . The real-time polymerase chain reaction (RT-PCR) results confirmed that the Chula2 .hES, Chula4.hES, and Chula5.hES cells are pluripotent cells, as shown by the expression of pluripotent genes, including OCT3/4, SOX2, NANOG, UTF, REX1, LIN28, NODAL, and E-Cadherin, which was similar to the NIH registered hES cell line BG01 (Fig. 3B) . The ability of the hES cell lines to differentiate into embryonic germ layers was demonstrated.
To evaluate their in vivo differentiation, Chula2.hES, Chula4.hES, and Chula5.hES cells were allowed to grow and differentiate for 10-12 weeks after injection into nude mice. The histopathological analysis of the teratomas revealed the presence of tissues derived from the ectoderm, endoderm, and mesoderm layers (Fig. 3C ). For in vitro differentiation, the hES cell lines were mechanically dissociated into small clumps and cultured in suspension. All of the cell lines
FIG. 2.
Derivation of a hES cell line from a blastocyst developed from a frozen-thawed embryo. The images show the successful derivation of the Chula2.hES line from a poor-quality intact blastocyst developed from an 18-year-frozen embryo (A). The zona pellucida of the blastocyst was removed, and the entire blastocyst was plated on feeder cells. Three days after plating, an outgrowth of ICM (indicated by the star) surrounded by a TE was observed (B). The ICM was mechanically removed from the TE and plated onto new feeder cells. Seven days after removing the TE, an outgrowth of putative hES-like cells was observed (C), which later generated the stable hES cell line Chula2.hES (D). The morphologies of the colonies and individual Chula2.hES cells on three different feeder cell densities (E). A density of 35,000 cells/cm 2 was selected for further propagation. Scale bars = 100 lm, hES, human embryonic stem; TE, trophectoderm.
were able to form three-dimensional structures, called EBs (Fig. 3D) . When the telomerase activity of the hES cell lines was analyzed, all of the cell lines displayed a high telomerase activity, which was higher than the activity of HFFs (Fig. 3E) , suggesting immortal replication ability.
Identification of hES cell lines
The chromosomal stability of the hES cell lines was assayed through conventional karyotyping. The cells were karyotyped using standard G-banding. At least 15-20 metaphases of each cell line were counted. Karyotyping revealed that the Chula2.hES line, which was derived from an 18-yearold frozen embryo, had a normal male chromosome content of 46 XY. The Chula4.hES and Chula5.hES cells, which were derived from blastocysts developed from fresh embryos, showed normal male and female chromosome contents of 46 XY and 46 XX, respectively (Fig. 4A) . A total of 16 STR loci were analyzed for the three newly established hES cell lines, and each cell line showed distinct STR loci (Fig. 4B) .
Discussion
In our previous study, we examined different protocols for the derivation of hES cells, but only one hES-like cell line was successfully generated from a frozen-thawed embryo using human skin fibroblasts as feeder cells. 12 In the present study, a total of 12 and 11 PN stage embryos, which had been frozen in 1990 and 1991, respectively, were thawed and cultured in a commercial medium without the supplementation of growth factors or cytokines. The survival rate of the frozen-thawed embryos in our study (73.9%) was consistent with that of other studies in which the embryo culture medium was supplemented with an Rho-associated kinase (ROCK) inhibitor Y-27632 or a combination of human recombinant leukemia inhibitory factor (hrLIF) and human basic fibroblast growth factor (hbFGF). 9, 10 The ROCK inhibitor positively enhances the survival and proliferation of several cell types. [13] [14] [15] Five embryos survived the freeze-thaw process and developed to the blastocyst stage, which demonstrated that the cryopreserved embryos in this study maintained their developmental ability, even after 17-18 years of cryostorage.
We attempted to isolate hES cells from the low-quality blastocysts derived from the frozen-thawed embryos without modifying the culture conditions. Modifying embryo culture conditions, such as culturing embryos in a modified culture medium composed of the G2.5 medium supplemented with hrLIF, hrbFGF, and human serum albumin 9, 16 or two additional days of culturing after reaching an early blastocyst stage, 16, 17 shows a beneficial effect on hES cell derivation. However, poor-quality blastocysts developed from either fresh or frozen-thawed embryos were used for hES cell derivation, and both showed the ability to generate hES cell lines. As our results showed, hES cell lines could be derived from blastocysts developed from frozen-thawed and fresh embryos with no difference in efficiency, and the cryopreservation of the embryo did not affect the efficiency of hES cell derivation.
The hES cells derived for medical purposes should not be exposed to animal components. Although the hES cell lines derived in this study were not completely xeno-free cell lines, the animal components will be removed from the culture conditions in our future studies. However, in this study, we did not add serum to the culture medium and further minimized contact with animal components in the culture conditions by using commercial HFFs as feeder cells and mechanical passage for hES cell propagation. The method for the isolation of the ICM also affects the success of hES cell derivation. To derive xeno-free hES cells, we considered mechanical methods for the isolation of the ICM or whole-blastocyst culture techniques. Both methods have previously been reported for the successful derivation of hES cell lines. 18, 19 However, due to their poor quality, the blastocysts contained a relatively small ICM; thus, the only method that could be used in this study was whole-blastocyst culture. Three to 4 days after the initial plating of the whole blastocyst onto feeder cells, a dome-shaped ICM was observed. This phenomenon demonstrates that our culture conditions support the growth of an ICM in poor-quality blastocysts. The complication of using this method is that the ICM is cultured in close contact with the TE. Contact with the TE might decrease the success of hES cell derivation by inducing the differentiation of the ICM. 20 To avoid losing the pluripotency of the cells in the ICM, we mechanically removed the ICM outgrowth from the TE at approximately 3-4 days after the initial plating, plated the ICM on new feeder cells, and subsequently split the hES-like cells into small pieces for further propagation. Thus, three hES cell lines, Chula2.hES, Chula4.hES, and Chula5.hES, were successfully established. Other groups have also reported the early separation of the ICM from the TE. 21, 22 Although some reports have suggested that in whole-blastocyst culture, the ICM clump should be separated from the TE outgrowth and split into small pieces at 7-10 days after initial plating, 18, 20, 23 no hES cell line could be derived in our hands using this method. In fact, the ICM clump should comprise a large number of pluripotent cells before the first splitting, as human pluripotent cells preferably grow as a group of cells.
Based on previous reports, the feeder cell density is an important parameter for hES cell culture. The morphology of the hES cell colonies was different when cultured on different feeder cell densities. 24 To our knowledge, there are no standard criteria for the feeder cell density for the derivation and 170 PRUKSANANONDA ET AL.
FIG. 3.
Characterization of the hES cell lines. The Chula2.hES, Chula4.hES, and Chula5.hES cells expressed pluripotent markers, including AP, Oct3/4, SSEA-4, TRA-1-60, and TRA-1-81, as detected with immunostaining (A), and pluripotent genes, including OCT3/4, SOX2, NANOG, UTF, REX1, LIN28, NODAL, and E-Cadherin, as detected with RT-PCR. GAPDH was used as a housekeeping gene, and the NIH registered hES cell line BG01 was used as the control (B). The in vivo differentiation of the hES cell lines was assessed using a teratoma assay. Ectodermal, mesodermal, and endodermal tissues were found in the teratomas of Chula2.hES, Chula4.hES, and Chula5.hES cells (C). The in vitro differentiation of the hES cell lines was determined using EB formation (D). The immortal replication ability of hES cell lines was measured through the high level of telomerase activity, and the levels were higher than in foreskin fibroblasts, which were used as feeder cells (E). The scale bars in (A) and (C) represent 100 lm, and the scale bar in (D) represents 10 lm. All of the images of AP in A were acquired with a 10 · objective phase-contrast microscope. AP, alkaline phosphatase; SSEA, stage-specific embryonic antigen; TRA, tumor recognition antigen; RT-PCR, real-time polymerase chain reaction; GAPDH, glyceralaldehyde-3-phosphate dehydrogenase; EB, embryoid body. 25 To avoid losing the pluripotent cells, we increased the density of the HFF cells from 3.5 to 5.0 · 10 4 cells/cm 2 , which resulted in the establishment of two stable cell lines, Chula4.hES and Chula5.hES. The 7.0 · 10 4 cells/cm 2 feeder density was not selected for culturing the hES cell lines because a high feeder cell density would result in a more rapid depletion of nutrients and oxygen within the in vitro culture milieu, which could be detrimental to the growth of hES cells. In addition, a high feeder cell density could also physically hinder the attachment and growth of ES colonies during serial passages. 24 Notably, our results also demonstrated that different cell lines might prefer different feeder cell densities.
The Chula2.hES line isolated from frozen-thawed embryos showed a morphology that was typical of hES cells and expressed pluripotent markers, such as AP, SSEA-4, TRA-1-60, TRA-1-81, and Oct3/4, and pluripotent genes, such as OCT3/4, SOX2, NANOG, UTF, REX1, LIN28, NODAL, and E-Cadherin. The Chula2.hES line showed high levels of telomerase activity, indicating that these cells can infinitely proliferate. The Chula2.hES cells differentiated into three embryonic germ layers through the formation of EBs, a three-dimensional structure formed in suspension culture, and teratoma tissue after injection into the testicular capsule of nude mice. The ability of differentiation strongly demonstrated the pluripotency of Chula2.hES cells. The characteristics displayed by Chula2.hES cells were similar to Chula4.hES and Chula5.hES cells, which were derived from blastocysts developed from fresh embryos. The pattern of DNA fingerprinting of all of the hES cell lines was different, confirming that the cell lines are derived from different embryos. Furthermore, all of the hES cell lines maintained their normal karyotype after prolonged culture. Taken
FIG. 4. (A)
The karyotype analysis of three different hES cell lines using the G-banding method and DNA fingerprinting. Chula2.hES, Chula4.hES, and Chula5.hES cells were able to maintain their normal karyotype after long-term culture, as detected with standard G-banding. The Chula2.hES, Chula4.hES, and Chula5.hES cells exhibit 46 XY, 46 XY, and 46 XX, respectively. (B) The Chula2.hES, Chula4.hES, and Chula5.hES cells displayed different DNA fingerprinting, which indicates that the three cell lines were derived from different embryos.
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together, our results showed that Chula2.hES, Chula4.hES, and Chula5.hES cell lines have the same pluripotency as other existing hES cell lines. 7, 26, 27 In conclusion, this is the first report of the successful derivation of hES cell lines in Thailand. The success of hES cell derivation in the present study demonstrated that an 18-year cryopreservation did not adversely affect the pluripotency of a human embryo, and this embryo maintained its pluripotency similar to fresh embryos, as shown by the success of the derivation of Chula2.hES, Chula4.hES, and Chula5.hES lines.
